Abstract. Prostate cancer (Pca) has one of the highest mortality rates for malignant cancers worldwide. Previous research has demonstrated that numerous genes are aberrantly expressed during Pca onset and development. p21-activated protein kinase 6 (PAK6) is known to be overexpressed in primary and metastatic Pca, however the mechanism of this aberrant expression remains unknown. In the present study, immunohistochemistry demonstrated that PAK6 is overexpressed in castration-resistant Pca (CRPC). Furthermore, PAK6 overexpression was regulated by microRNA (miR)-328. Luciferase reporter assay and western blot analysis indicated that PAK6 was directly targeted by miR-328. Forced expression of miR-328 enhanced docetaxel sensitivity, inhibited cell proliferation and promoted cell apoptosis without affecting the cell cycle. This indicates that miR-328 performs important functions in CRPC progression via PAK6 regulation. This mechanism may be used to enhance the effect of docetaxel.
Introduction
Prostate cancer (Pca) has one of the highest mortality rates for malignant cancers worldwide. It is the most frequently diagnosed type of cancer and the second leading cause of mortality in males in the USA (1) . The majority of Pca-associated mortality is due to metastatic castration-resistant Pca (CRPC). While novel treatments, such as docetaxel, enzalutamide, abiraterone, sipuleucel-T, cabazitaxel and radium-223, have been demonstrated to improve survival for patients with metastatic CRPC, the disease remains incurable (2) . To determine more efficacious therapeutic methods, the underlying mechanism of Pca onset, and transition from castration-sensitive Pca to CRPC, must be established.
Molecular changes in Pca have been extensively investigated, and numerous genes have been observed to be aberrantly expressed during Pca onset and development (3) . PAK6, a serine threonine kinase that belongs to the PAK family (4) , is an androgen receptor-interacting protein (5) . PAK6 was recently indicated to be overexpressed in primary and metastatic Pca (6) . Furthermore, increased PAK6 expression has been observed in the LAPC4, PC-3 and DU-145 cell lines (7) . PAK6 overexpression in tumors may promote cell proliferation and inhibit apoptosis. Previous studies demonstrate that PAK6 knockdown in prostate cell lines inhibits cell growth, and enhances docetaxel chemosensitivity and radiosensitivity (8, 9) . However, the mechanism of aberrant PAK6 expression remains to be fully elucidated.
Recent research demonstrates that post-transcriptional events perform significant functions in aberrant gene expression. MicroRNAs (miRs) are important molecules involved in post-transcriptional events (10) . miRs are small and endogenously produced non-coding RNAs of 19-25 nucleotides in length that negatively regulate target gene expression by binding complementary sequences in the 3'-untranslated region (UTR) of mRNAs, which results in translational repression or direct mRNA cleavage (11) . Various miRs have been demonstrated to contribute to Pca by affecting cell development, proliferation, differentiation and apoptosis. miR-143, for example, inhibits Pca cell proliferation and migration, and enhances cell sensitivity toward docetaxel via KRAS downregulation (12) .
Considering these previous findings, it is hypothesized that specific miRs participate in PAK6 regulation. Thus, the aim of the present study was to identify an miR that targets PAK6 and determine the function of this miR in Pca.
Materials and methods
Human Pca specimens. All of the specimens used in the present study were collected from the Affiliated Zhongda Hospital of Southeast University (Nanjing, China) between March 2012 and April 2014. Ethical approval was obtained from the relevant ethics committee at the Affiliated Zhongda Hospital of Southeast University. All of the samples were collected upon receipt of written informed consent from patients. Benign prostate hyperplasia (BPH) tissues were obtained from 10 patients who had undergone transurethral prostatic resection (TURP). Pca tissues were obtained from 30 androgen-dependent Pca (ADPC) patients who had undergone radical prostatectomy. All patients were divided into three groups based on a Gleason score of <7, 7 or >7 (13) . Nine patients were diagnosed with CRPC, as their serum prostate-specific antigen levels continued to increase despite maximum androgen deprivation therapy. All patients with CRPC were in stage T4 (distant metastasis) and presented with a Gleason score of >7 (13) . These patients had undergone TURP due to urinary retention. Histological diagnosis was conducted on freshly frozen sections following hematoxylin and eosin staining (Beyotime Institute of Biotechnology, Shanghai, China). Ten ADPC samples with Gleason score >7 and >60% tumor content and nine patients with CRPC were included in the present study for quantitative reverse transcription-polymerase chain reaction (qRT-PCR). The specimens used for miR qRT-PCR were snap-frozen in liquid nitrogen (Nanjing University Physics Refrigeration Laboratory, Nanjing, China).
Immunohistochemistry. All surgical samples were fixed in 10% buffered formaldehyde solution (BioSharp, Hefei, China) and embedded in paraffin (Sigma-Aldrich, St. Louis, MO, USA). Paraffin sections (4-µm thick) were reacted with polyclonal antibodies against PAK6 (1:50; cat. no. 13539-1-AP; ProteinTech Group, Inc., Chicago, IL, USA). Phosphate-buffered saline (PBS; Zhongshan Golden Bridge Biotechnology Co., Ltd., Beijing, China) served as a negative control (NC).
qRT-PCR. Total RNA was extracted from specimens using TRIzol (Invitrogen Life Technologies, Carlsbad, CA, USA). cDNA synthesis was performed using PrimeScript ® 1st Strand cDNA Synthesis kit (Takara Biotechnology Co., Ltd., Dalian, China). qRT-PCR reactions were performed using the SYBR Green PCR Master mix from the Hairpin-it™ miRs RT-PCR Quantitation kit (GenePharma Co., Ltd., Shanghai, China) according to the manufacturer's instructions. PCR conditions were used to detect miRs as follows: 95˚C for 3 min, 40 cycles at 95˚C for 12 sec and 62˚C for 40 sec. The miR-328 expression relative to U6 was calculated using the 2 -ΔΔCt method. , and PC-3 was cultured in DMEM F12 (GE Healthcare Life Sciences) supplemented with 100 U/ml penicillin (GE Healthcare Life Sciences), 100 mg/ml streptomycin (GE Healthcare Life Sciences), and 10% fetal bovine serum (GE Healthcare Life Sciences). All cell cultures were incubated at 37˚C in an atmosphere of 5% CO 2 .
Oligonucleotides and cell transfection. miR mimic oligonucleotide duplexes were chemically synthesized by GenePharma, Co., Ltd. based on the following sequences: Sense, 5'-CUG GCC CUC UCU GCC CUU CCGU-3' and antisense, 5'-GGA AGG GCA GAG AGG GCC AGUU-3' for hsa-miR-328 mimic; and sense, 5'-UUC UCC GAA CGU GUC ACG UTT-3' and antisense, 5'-ACG UGA CAC GUU CGG AGA ATT-3' for the NC. For cell transfection, DU-145 and PC-3 cells were seeded in 6-well plates and transfected at 60-70% confluence using , the mice were randomly divided into two groups with three mice per group. The mice were treated with 200 pmol NC or hsa-miR-328 mimics in 10 µl RNA free water by local injection of the xenograft tumor at multiple sites. This treatment was performed once every five days for 15 days, and tumors were harvested one week later. Animal experiments were undertaken in accordance with National Institute of Health Guide for the Care and Use of Laboratory Animals guidelines and were approved by the ethics committee of the Affiliated Zhongda Hospital of Southeast University.
Statistical analysis. Data from at least three independent experiments are presented as means ± standard error of the mean. Differences between groups were calculated by Student's t-test or one-way analysis of variance using the SPSS 16.0 software package (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

PAK6 protein expression in tissues.
PAK6 expression levels were detected using immunohistochemistry. Cytoplasmic staining was observed, although no nuclear expression was demonstrated in the Pca tissue samples (Fig. 1A) . In the BPH tissue samples, PAK6 was predominantly expressed in the epithelium; however, the staining was weak in the majority of BPH tissues (Fig. 1B) . In the Pca samples, the staining intensity appears to be greater in groups with Gleason scores of 7 and >7, when compared with the group with Gleason score of <7 (Fig. 1C-E) . The staining intensity was notably increased in the CRPC tissue samples (Fig. 1F) . The results of immunostaining are summarized in Table I . PAK6 expression levels were detected by western blot analysis in three pairs of ADPC and CRPC tissues, and overexpression of PAK6 was observed in the CRPC tissue samples (Fig. 1G) . These results are consistent with those of a previous study (6) .
PAK6 is directly targeted by miR-328.
To determine which miR affects PAK6 expression, bioinformatics analysis was performed using TargetScan Human 6.2 (http://www. targetscan.org/) and miRanda (http://www.microrna.org/ microrna/home.do). Of the miRs identified, miR-328 was identified to be bound to the 3'-UTR of PAK6 mRNA with high scores (Fig. 2A) . miR-328 expression was subsequently detected in 10 ADPC and nine CRPC tissue samples by qRT-PCR, and weak expression was observed in CRPC tissues (Fig. 2B) . In addition, PAK6 protein expression was inhibited in cells transfected with miR-328 mimics (Fig. 2C) . These results indicate that PAK6 is the potential target of miR-328. To determine direct miR-target interactions, a luciferase reporter assay was conducted by constructing wild-and mutant-type cells with the luciferase vector. A significant decrease was observed in the luciferase activities of HEK-293 and PC-3 cells when compared with those of the control and mutant-type cells (Fig. 2D) . These characteristics indicate that miR-328 directly targets PAK6.
miR-328 inhibits cell growth and promotes cell apoptosis.
To investigate the functional roles of miR-328 in Pca progression, miR-328 or NC mimics were transfected into PC-3 and DU-145 CRPC cell lines. NC mimic-incorporated green fluorescent protein demonstrated high transfection efficiency (Fig. 3G) . CCK-8 assay and nude mouse transplantation tumor experiments demonstrated that miR-328 overexpression inhibits PC-3 cell proliferation in vivo and in vitro (Fig. 3A-3C ). In addition, reduced staining was observed in miR-328-treated xenografts (Fig. 3D) . The proapoptotic effect of miR-328 was observed in PC-3 and DU-145 cells by flow cytometry assay ( Fig. 3E and F) . The same assay, however, indicated that miR-328 does not affect cell cycle progression (data not shown). The viability of caspase-3, -9 and bcl-2 was examined in cells following transfection. Compared with cells transfected with NC mimics, increased cleavage of caspase-3 and -9 and decreased bcl-2 were observed in cells transfected with miR-328 (Fig. 3H) . These results indicate that miR-328 may inhibit cell growth and promote cell apoptosis.
miR-328 enhances docetaxel sensitivity.
A previous study demonstrated that PAK6 knockdown in prostate cell lines increases docetaxel sensitivity (8) . To determine if miR-328 exerts a similar effect, assessment of docetaxel drug sensitivity following transfection with miR-328 was conducted. Cells were transfected with miR-328 or NC, and treated with docetaxel at concentrations of 5, 10, 20, 50 or 100 nM for 24 h. Subsequent to miR-328 transfection, the docetaxel drug concentration that inhibited 50% of cell proliferation significantly decreased from 25.45 to 8.30 nM (P<0.05) in PC-3 cells and from 36.63 to 16.78 nM (P<0.05) in DU-145 cells (Fig. 4) . Androgen-deprivation therapy is commonly adopted to treat metastatic Pca; however, the majority of ADPC cases inevitably progress to CRPC (14) . Hormone refractory cases and metastasis remain major challenges of Pca, however the mechanisms of these issues remain unclear. Therefore, additional studies are necessary to understand the relevant molecular mechanisms and develop more effective treatment methods. Recent evidence indicates that PAK6 performs critical functions in Pca development (6, 7) . In the present study, PAK6 overexpression was observed in CRPC tissues, which suggests that PAK6 contributes significantly to the progression of ADPC to CRPC. Furthermore, PAK6
overexpression was observed to be mediated by weak miR-328 expression. Previous studies have demonstrated that various miRs are involved in Pca development and progression (15, 16) . miR expression is involved in critical biological processes, including growth, proliferation and apoptosis (17) . Pca cell proliferation and apoptosis is closely associated with tumor malignancy and drug resistance, and multiple miRs have been demonstrated to regulate Pca cell proliferation and apoptosis (18) . For example, miR-143 arrests cell proliferation by inhibiting extracellular signal-regulated kinase-5 (19) , and miR-15 and -205 inhibit proliferation and promote apoptosis in Pca cells by targeting the bcl-2 gene (20, 21) . miR-328 is known to be weakly expressed in certain types of cancer, including Pca (22) (23) (24) . In human breast cancer and glioblastoma cancer stem cells, miR-328 targets breast cancer resistance protein (BCRP/ABCG2) and affects drug disposition (25, 26) . In bone marrow cells, mir-328 interacts with heterogeneous ribonucleoprotein E2 and affects granulocytic maturation (24) . However, miR-328 is also overexpressed in lung adenocarcinoma (27) . In non-small cell lung cancer, miR-328 overexpression results in increased cell migration and is associated with brain metastasis (28) . In glioma cells, miR-328 targets secreted frizzled-related protein 1 and promotes cell invasion (29) . These conflicting roles of miR-328 in different types of cancer indicate the tissue specificity of miR-328 function. In the present study, forced miR-328 overexpression markedly enhanced docetaxel sensitivity, reduced cell proliferation and increased apoptosis in Pca cells without affecting the cell cycle. miR-328 overexpression increases levels of caspase-3 and -9 expression, and decreased bcl-2 expression.
In conclusion, miR-328 is weakly expressed in CRPC, and regulates cell proliferation and apoptosis by targeting PAK6. In addition, upregulated miR-328 expression enhances docetaxel sensitivity, inhibits cell proliferation and promotes cell apoptosis without affecting the cell cycle. A B
